O
ver the last years, a number of potent drugs have been developed that inhibit HIV-1 replication in vivo. Treatment regimes involving a combination of three or more different drugs can induce a decline in virus load by several orders of magnitude, as well as a significant rise in the CD4 cell count. The drugs currently in use mainly fall into two classes: reverse transcriptase inhibitors prevent infection of new cells, whereas protease inhibitors interfere with the production of new infectious virions by infected cells. Recent pharmaceutical research has focused on the development of another class of drugs, the integrase inhibitors, preventing HIV from integrating into the genome of its host cells. Although research is finding more drugs to combat HIV infection, the virus is continuously catching up by evolving resistance against these drugs (1) (2) (3) (4) (5) . Although combination therapy can result in sustained suppression of virus load in many patients, it is not effective in all patients and fails after the emergence of multidrug-resistant strains (6) . Hence, although finding new drugs to fight HIV is important for improving our chances for success, it is equally important to devise therapy regimes that minimize the chance of drug resistance emerging. To do this, we need more detailed information about the evolutionary dynamics that lead to the emergence of drug-resistant strains.
Imperfect adherence to a prescribed regimen is one of the critical obstacles to successful drug therapy (7) (8) (9) (10) (11) (12) (13) . Maintaining adherence may be particularly difficult when the drug regimen is complex and the side effects are severe, as is often the case with combination therapy. If only a subset of the prescribed drugs is taken for certain periods of time, the virus can successively evolve resistance to each of the drugs used while the patient is on therapy.
However, drug resistance also has been observed in patients who do adhere to their prescribed drug regimen. In these cases, the strategy required to minimize the chances of treatment failure depends on the mechanism by which drug-resistant strains evolve. In a recent issue of PNAS, Ribeiro and Bonhoeffer (14) use mathematical models to examine this question. There are two basic possibilities. Either drug-resistant strains evolve during therapy, or drugresistant strains exist in the virus population before the onset of therapy. They are maintained by a mutation-selection balance and are selected to grow when the drugs are applied. If drug-resistant strains evolve during therapy, then the dosage of treatment should be increased so that the residual replication of the sensitive virus during treatment is minimized. On the other hand, if resistant strains exist before therapy, the effect of the drug on wild-type virus does not matter in the long run. A potent drug will lead to a fast decline of wild-type virus and a fast rise of resistant mutants. A weak drug will lead to a slow decline of wild-type virus and a slow rise of resistant mutants. The average virus load remains constant (15) . If strains pre-exist that are resistant to one or several of the drugs, the strategy should be to combine more drugs with different resistance profiles to minimize the chance that any virus strain will be resistant to all drugs (14) .
Although it has not been possible to distinguish between these two mechanisms experimentally, mathematical models suggest that it is more likely that treatment failure is caused by resistant strains existing before therapy than by resistant strains evolving during therapy. This result has been derived by a variety of modeling approaches, both deterministic (14, 15) and stochastic (14) . During therapy the resistant mutants are most likely to be produced from the sensitive virus population while it declines to low levels. This event is significantly less likely than the generation of resistant strains before the onset of therapy (14, 15) .
This result implies that it is not only important to use the right combination of drugs with different resistance profiles, but also that it is important to treat as early as possible to minimize the chances that strains resistant to all drugs exist before the onset of treatment. The findings by Ribeiro and Bonhoeffer (14) not only have practical implications, but also pose new questions regarding our understanding of HIV dynamics during highly active antiretroviral therapy. Treatment failure can be manifested in the viral dynamics in a variety of ways (16) . In some individuals already the initial response to treatment is suboptimal, and the virus population converges to an equilibrium characterized by relatively high loads. In other patients, the initial response to treatment is good and virus load is reduced below the levels of detection. However, after a given period, the virus reemerges. The time span until the virus re-emerges can vary between patients and can be of the order of months (16) . With the above discussion in mind, such dynamics are likely to be caused by two mechanisms: either the patients are noncompliant and HIV evolves resistance to all drugs used during therapy, or the mutant strains exist before treatment, but initially cannot grow. They can emerge only later when conditions are favorable. Two dynamical factors could potentially influence the ability of mutants to grow during therapy ( Fig. 1): (i) the level of susceptible target cells, and (ii) the level of antiviral immune responses.
It has been argued that an increase in the number of susceptible target cells (in particular CD4 ϩ T cells) during treatment can enable virus mutants to grow after a given period (17, 18) . Initially, when drug treatment is started, the number of susceptible cells is too low for the resistant strains to emerge. Growth of the virus is only possible once the number of susceptible cells has risen above a given threshold level.
In addition to target cell availability, the level of antiviral immune responses could significantly inf luence the ability of resistant strains to grow during therapy. Recently, an increasing amount of experimental observation has become available concerning the role and dynamics of immune responses against HIV. Cytotoxic T lymphocyte (CTL) responses have been shown to be of particular importance for limiting HIV load (19, 20) , and both experimental and theoretical studies have accumulated examining the dynamics of CTLs during drug treatment. Data from HIV-infected patients (21, 22) 
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ics at the start of therapy can be divided into two phases. First, a temporary increase is observed in the number of HIV-specific CTLs, followed by a decline of these CTLs to very low levels. The initial temporary rise in CTLs at the start of therapy is likely to be brought about by a reduction of HIV-induced immune impairment while virus load is still high enough to provide sufficient levels of antigenic stimulation. The subsequent decline of CTL indicates that the response cannot be maintained at low levels of antigen and that it needs continuous exposure to high levels of antigen to persist. Mathematical models suggest that a short lifespan of CTLs at low levels of antigen could be the reason for HIV persistence and pathogenesis (23, 24) . It also could contribute to a delayed emergence of drug-resistant strains that have existed before the onset of treatment. If the patient does have a persistent CTL response during the asymptomatic phase of the infection, basic mathematical models of infection dynamics indicate that the level of CTLs before treatment is significantly determined by the replication rate of the wild type. Mutations conferring drug resistance are thought to bear a certain cost for the virus, and hence the replication rate of the resistant strain in the presence of the drug is likely to be somewhat lower than the replication rate of the wild type in the absence of the drugs. In this case, the drug-resistant strains will not be able to grow if the level of CTLs is still around the pretherapy equilibrium. The resistant strains will be able to grow only once the level of CTLs has declined below a given threshold level, and this condition could be met only after a certain time span of therapy in some patients. Hence, even if resistant strains exist before therapy, it might be possible that their outgrowth is inhibited by maintaining the CTLs during treatment. The CTL response could be maintained or even increased by combining drug therapy with vaccination. Multiple vaccinations might increase the chances of success. This would maintain an effector CTL response while virus load is reduced to very low levels after drug therapy. In addition, structured therapy interruptions could lead to the generation of CTL responses that can be maintained at low levels of antigen (24 -26) .
With the knowledge that treatment failure is most likely to be caused by the pre-existence of drug-resistant strains, together with our knowledge regarding the dynamics of CTLs during drug therapy, it might be possible to create a pharmaco-immunological treatment regime under which viral resistance is futile. A sufficient number of drugs with different resistance profiles should be used, and treatment should be started as early as possible. This minimizes the chances that resistant mutants pre-exist (14) and maximizes the chances that a relatively efficient CTL response is generated (27) . If treatment is started later, drug administration could be combined with vaccination to sustain a CTL response during therapy and thus to prevent the outgrowth of the resistant strains. In the most optimal case, such a therapy regime would result in the generation of efficient and sustained immunity that can suppress virus load below the level of detection without the need for drugs. Fig. 1 . Dynamics of wild-type and resistant strains during therapy. Drug treatment inhibits replication of the wild-type virus, resulting in a significant decline of virus load. Drug-resistant mutants can replicate in the presence of the drugs. The ability of the mutant virus to grow depends both on the availability of target cells and on the number of virus-specific CTL during therapy.
